IMPORTANCE Recent large-scale genome-wide association studies have discovered several genetic variants associated with Alzheimer disease (AD); however, the extent to which DNA methylation in these AD loci contributes to the disease susceptibility remains unknown. EXPOSURES DNA methylation levels at individual CpG sites generated from dorsolateral prefrontal cortex tissue using a bead assay.
variants that are associated with susceptibility of AD, including CR1, BIN1, CD33, CLU, ABCA7, CD2AP, PICALM, EPHA1, MS4A6A, and MS4A4A. The latest meta-analysis 8 to date (with almost 75 000 individuals) further expands the list to include HLA-DRB5, PTK2B, SORL1, SLC24A4, DSG2, INPP5D, MEF2C, NME8, ZCWPW1, CELF1, FERMT2, and CASS4. Studies 9,10 report the association of a rare variant in TREM2 with AD risk. In addition, a large hexanucleotide repeat expansion in C9oborf72 is implicated in AD. 11, 12 Genetic marks are tagged by epigenetic information, such as DNA methylation and histone modification, and these epigenetic mechanisms are essential in regulating gene expression and maintaining genomic homeostasis. Aberrant epigenetic alterations are associated with various complex human diseases, including AD. [13] [14] [15] [16] The existence of cis methylation quantitative trait loci raises the possibility that alteration of DNA methylation in AD loci likely has an important role in affecting the disease susceptibility. 17 We are unaware of any other studies that have systematically assessed the association of brain DNA methylation in these loci with AD pathologies. In this study, we target brain DNA methylation in 28 known susceptibility loci for AD and examine the global association of methylation in each locus. Our study uses a unique collection of data that integrates pathological measures with brain DNA methylation from 740 autopsied participants in 2 ongoing clinical pathological studies of aging and dementia.
Methods

Study Participants
Participants were from the Religious Orders Study 18 and the Rush Memory and Aging Project. 19 Both studies were approved by the Institutional Review Board of Rush University Medical Center, and each participant signed a consent form and an Anatomical Gift Act. Participants enroll without known dementia and agree to annual clinical evaluations and organ donation at the time of death. By January 2010, when the methylation data were generated, more than 2400 participants had been enrolled, with the follow-up rate among survivors exceeding 90%. More than 800 autopsies had been performed, and the autopsy rate exceeds 90%.
Neuropathological Assessment of AD
Postmortem brains were processed and examined following a standard procedure. 20 Brain DNA Methylation and RNA Expression
Frozen tissues of the dorsolateral prefrontal cortex of deceased participants were thawed on ice, and DNA was extracted from gray matter following a mini-protocol (QIAamp DNA 51306; Qiagen). DNA methylation was interrogated using a bead assay (Infinium HumanMethylation450; Illumina). Raw data were processed following a rigorous pipeline for data quality control, as detailed in the eMethods in the Supplement. At the end of the quality-control pipeline, we obtained distinct DNA methylation values for 420 132 autosomal CpG sites for 740 samples. In this study, we restricted our analysis to the sites that cover both genic and 100-kilobase flanking areas around each of 28 reported AD loci. RNA-Seq expression data were generated from frozen dorsolateral prefrontal cortex tissues following the construction of complementary DNA libraries. The paired-end reads were mapped using the Ensemble human genome transcriptomic database (http://www.ensembl.org). RNA expression of the associated AD genes was queried and examined for an association with AD pathologies. Details on the RNA-Seq expression profiling are provided in the eMethods in the Supplement.
Statistical Analysis
The primary analysis examined the association of DNA methylation with pathological AD diagnosis, which was done in 2 steps. First, parallel logistic regression models were conducted with AD diagnosis as the binary outcome and individual CpG site as the predictor. Because age has a large effect on AD pathology and may affect DNA methylation, we controlled for age at death in all models. Additional covariates included sex, batch, and bisulfite conversion efficiency. Additional analyses controlled for potential confounding due to the presence of macroscopic and microscopic infarcts and cortical Lewy bodies. Second, significance values (P values) of individual CpGs in a specific AD locus were combined following the Fisher product method, 24 denoted by ψ = −2͚ log p i . Here, p i refers to the significance value of ith CpG. This omnibus statistic ψ assesses a hypothesis that none of the CpGs in the interrogated locus were associated with the outcome.
Statistical significance of ψ was tested using random permutations (eMethods in the Supplement). Associated loci identified in the primary analysis were subjected to further interrogation in which we repeated the analyses by replacing the binary outcome of AD diagnosis with continuous measures of Aβ load and separately tau tangle density in linear regression models. Because both pathology measures are right skewed, we applied square root transformation before the analyses. Similar regression analyses were performed to explore the association of RNA transcript expression in the associated loci with AD pathologies. Postmortem inter-rection was applied at the locus level. In assessing the top CpG sites and RNA transcripts within each locus, experimentwise correction was applied. Statistical analyses were performed using software programs (SAS, version 9.3; SAS Institute and R, version 3.0.1; http://www.r-project.org).
Results
Characteristics of the Study Participants
DNA methylation and neuropathology data were available from 740 study participants. The mean (SD) age at death was 88.0 (6.7) years (age range, 66.0-108.3 years); 471 (63.6%) were female, and the mean (SD) years of education was 16.4 (3.6) 
Association of Methylation in Target Loci
With Pathological AD For each of 28 AD loci, parallel logistic regression analyses were performed, and significance values of individual CpGs were combined for assessment of the global association at the locus level. DNA methylation in SORL1, ABCA7, HLA-DRB5, SLC24A4, and BIN1 was associated with pathological AD diagnosis ( Table 1 and Figure 1 ). The results for SORL1, ABCA7, HLA-DRB5, and SLC24A4 also survived more conservative Bonferroni correction. The results were unchanged after controlling for infarcts and Lewy bodies ( Table 2) . Subsequent analyses focused on these 5 associated loci. Their Online Mendelian Inheritance in Man accession numbers are SORL1 (602005), ABCA7 (605414), HLA-DRB5 (604776), SLC24A4 (609840), and BIN1 (601248). 
SORL1
We interrogated 69 CpG sites in the SORL1 locus (sortilinrelated receptor, L [DLR class] A repeats containing), of which 8 showed associations with pathological AD diagnosis (eTable 1 in the Supplement). The top CpG (cg15241519) was observed in a weakly transcribed region in the gene body, where methylation was associated with greater odds for pathological AD. Methylation at 7 CpG sites in SORL1 was associated with Aβ load and 7 CpG sites with tau tangle density (eTable 2 and eTable 3 in the Supplement). Of these, 4 CpG sites (cg15241519, cg08441314, cg11606444, and cg22136098) were associated with both indexes. The regional association plot (Figure 2A ) highlights the location of top hits for the 3 pathological AD traits.
We examined the expression of 13 SORL1 transcripts in relation to AD pathologies. We found little association with Aβ load. By contrast, upregulated expression of the SORL1 transcript (ENST00000524873.1) was associated with higher tau tangle density (mean [SE] β coefficient, 2.676 [0.687]; adjusted P = .0015). Methylation and expression in the locus were only weakly correlated (r range, −0.15 to 0.15) (eFigure 1 in the Supplement).
ABCA7
We analyzed 255 CpG sites in the ABCA7 locus (adenosine triphosphate [ATP]-binding cassette, sub-family A [ABC1], member 7). Nineteen sites showed nominal association with pathological AD diagnosis, and the result was enriched for positively associated CpGs (eTable 4 in the Supplement). Specifically, the regression coefficients for 15 of these 19 CpGs (78.9%) had positive signs such that methylation was associated with greater odds for AD diagnosis. Of these, 3 CpG sites remained significant after adjusting for multiple testing, among which cg02308560 and cg04587220 (30 base pairs apart) were observed in a polycomb-repressed region in the HMHA1 gene proximate to the 3′ untranslated region of ABCA7. Methylation at 12 CpG sites in the ABCA7 locus was associated with Aβ load and 18 CpG sites with tau tangle density (eTable 5 and eTable 6 in the Supplement). Figure 2B shows that the methylation sites in the HMHA1 gene demonstrate the strongest signals in relation to AD pathologies. Similar to pathological AD, the results were enriched for positive association such that methylation at all but one of these CpG sites was associated with increased burden of AD pathologies.
We examined 17 transcripts of ABCA7 for the association of RNA expression with AD pathologies. We observed that ENST00000525073.2 expression was associated with higher tau tangle density (mean [SE] β coefficient, 0.062 [0.018]; adjusted P = .0138). Correlations of DNA methylation at interrogated CpG sites with the expression of ABCA7 transcripts were weak (r range, −0.2 to 0.2) (eFigure 2 in the Supplement).
HLA-DRB5
Eight of forty-eight CpG sites in the HLA-DRB5 locus (major histocompatibility complex, class II, DR beta 5) showed nominal association with pathological AD diagnosis; however, none survived multiple testing (eTable 7 in the Supplement). Methylation in the locus was associated with Aβ load and with tau tangle density. At the CpG level, 3 CpG sites were associated with Aβ load and 9 were associated with tau tangles (eTable 8 and eTable 9 in the Supplement). An association plot shows that methylation association with AD pathologies peaked in the nearby HLA-DRA gene ( Figure 3A) . We found no association of HLA-DRB5 RNA expression with any of the 3 pathological AD traits.
SLC24A4
We interrogated 62 CpG sites in the SLC24A4 locus (solute carrier family 24, member 4) ( Figure 3B ). Three CpGs showed associations with pathological AD and 8 with Aβ load (eTable 10 and eTable 11 in the Supplement). We found weaker association with tau tangle pathology (eTable 12 in the Supplement). We examined the expression of 9 transcripts of SLC24A4 and found no association with any of the 3 pathological AD traits.
BIN1
In total, 95 CpG sites in the BIN1 locus (bridging integrator 1) were interrogated. Two CpG sites showed associations with pathological AD (eTable 13 in the Supplement). The cg22883290 site was located in a weakly transcribed region proximate to the 3′ untranslated region of BIN1, and cg04019522 was in an active enhancer region in the gene body. Methylation at both sites was associated with greater odds for pathological AD diagnosis.
Methylation at 3 CpG sites in BIN1 was associated with Aβ load and 5 CpG sites with tau tangle density (eTable 14 and eTable 15 in the Supplement). An association plot shows that the strongest signals came from the sites proximate to the 3′ untranslated region of BIN1, as well as the downstream CpG island harboring cg19153828 (Figure 4) .
We examined the expression of 14 BIN1 transcripts. Higher expression of 3 BIN1 transcripts (ENST00000393040.3, ENST00000409400.1, and ENST00000462958.1) was associated with greater Aβ load (eTable 16 in the Supplement). Surprisingly, we observed that another transcript (ENST00000316724. 5) showed an association in the opposite direction such that higher expression was associated with less amyloid. The pairwise correlations between methylation of individual CpG sites and BIN1 expression showed a weak correlation, with Pearson r between −0.27 and 0.23 (eFigure 3 in the Supplement).
Mediation Analysis
In the final set of analyses, we explored potential mediation of amyloid on the association of DNA methylation with tau tangle pathology. To do so, we repeated the analysis of tau tangle density by further controlling for Aβ load for the 4 loci in which CpGs were strongly associated with both amyloid and tangles. An attenuated association of DNA methylation would be evidence of mediation. 26 We found that DNA methylation associations with tau tangle density were essentially retained for all the loci after controlling for Aβ load ( Table 3) . These data suggest that methylation has an independent effect on these 2 molecular processes.
Discussion
In this study, we targeted brain DNA methylation in 28 previously reported AD loci. We assessed at the locus level the global association of DNA methylation. We found that DNA methylation in 5 of 28 AD loci was associated with pathological AD diagnosis, including SORL1, ABCA7, HLA-DRB5, SLC24A4, and BIN1.
Increasing evidence exists for AD-related alterations in DNA methylation. Evaluations of immunoreactivity of DNA methylation markers suggest that levels of global DNA methylation are reduced in entorhinal cortex 27 and hippocampus 28 in AD. However, this result is inconclusive. Increased global DNA methylation is observed in frontal cortex of AD brain, 29 and findings from another genome-wide DNA methylation association study 14 showed hypermethylated and hypomethylated sites in AD brain. In this study, not all interrogated loci demonstrated evidence of methylation alterations with AD. Most of the top CpG sites in ABCA7 and BIN1 showed increased burden of AD pathologies with more methylation. These results suggest that the pathogenesis of AD affects the brain's epigenome in a strong but specific manner and hint at a greater level of complexity in the role of the epigenome in the disease. Our findings provide new evidence that brain DNA methylation in AD loci might be involved in the pathological process of AD. Specifically, a recent genome-wide DNA methylation study 30 reported 71 discrete CpG sites that are associated with neuritic amyloid plaques, including cg02308560 in ABCA7 and cg22883290 in BIN1. Herein, we confirm the signals in ABCA7 and BIN1 with Aβ load. Furthermore, we show that methylation in these 2 loci is also related to tau tangle density. In addition, we observed associations in 3 additional AD loci. Of these, the SORL1 locus shows the most significant association with AD. To our knowledge, only one prior study 31 has examined brain DNA methylation in SORL1 in relation to AD. The study targeted the gene's promoter sequences using much fewer brain samples, and it demonstrated no differences in methylation between AD and controls. Separately, we observed associations of methylation in HLA-DRB5 and SLC24A4, and we are unaware of any previous report on these associations.
Our results suggest that altered methylation in these loci might involve both Aβ and tau tangle pathologies. SORL1 and ABCA7 have previously been implicated in the Aβ process. SORL1 encodes sortilin-related receptor LR11 or SorLA, which controls Aβ production such that reduced expression of SORL1 tends to increase Aβ production and hence promote AD.
32
ABCA7 encodes an ATP-binding cassette transporter that regulates processing of amyloid precursor protein (APP) in vitro. A 2008 study 33 on cultured cells reported that ABCA7 inhibits Aβ secretion. A more recent study 34 on transgenic mice showed that ABCA7 regulates Aβ homeostasis in the brain and deletion of ABCA7 doubles cerebral Aβ accumulation. Nonetheless, the relationship between DNA methylation and Aβ is complex. One study 35 showed that Aβ reduces global DNA methylation but increases neprilysin DNA methylation, which AD risk by modulating tau pathology. 38 Little is known about functional consequences of HLA-DRB5 and SLC24A4 in relation to AD. The HLA-DRB5 locus encodes a major histocompatibility complex class II protein involved in immune responses, 8 and SLC24A4 may be involved in neural development. 39 In addition, the SLC24A4 gene is located next to the RIN3 (Ras and Rab interactor 3) gene, which interacts with BIN1 in the early endocytic pathway. 40 Our RNA expression data also reveal some notable results. We find little evidence that SORL1 or ABCA7 expression is associated with Aβ load. Instead, higher expression of the SORL1 transcript, and similarly that of ABCA7, is associated with more tangle pathology. One plausible explanation is that these genes are overexpressed in response to the neuronal inflammation or degeneration that is induced by AD pathologies, such as tau pathology. We observe that higher expression of 3 BIN1 transcripts is associated with more Aβ, consistent with the finding that BIN1 expression is elevated in AD brain. 38 Our analysis also reveals another transcript in the BIN1 locus, of which higher expression is associated with less amyloid. Recent evidence suggests that the BIN1 protein level is lower in brains of sporadic AD cases. 41 Separately, our data show that pairwise correlations between methylation of individual CpGs and expression of the associated genes are weak. Large-scale data sets examining the relationship between methylation status and gene expression levels in human brain are just beginning to emerge. Therefore, their relationship at this time remains poorly understood. It is likely that several factors contribute to the poor associations. First, our methylation scan only captures a fraction of the CpGs across the genome. Second, DNA methylation is just one of many epigenetic changes that contribute to the expression, and other factors, such as microRNA, might be at play. 42 Third, while there are sparse data from brain regarding these associations at the density measured in our study, weak associations have been reported for other tissues. 
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Conclusions
In summary, investigating the association of DNA methylation in target loci with AD pathology is a first step to better understand potential functional pathways that link epigenetic disruptions to the disease. By leveraging genome-wide DNA methylation profiles and neuropathological data from 740 autopsied older persons, this is the first and largest study to our knowledge that has interrogated brain DNA methylation in AD loci for associations with multiple indexes for AD pathology. Limitations are noted. Brain tissue came from a single region of the dorsolateral prefrontal cortex. Our present data are not mature enough to derive potential effect due to cellular composition, and future work needs to collect additional data and develop novel methods to identify target cell types that drive the association of DNA methylation in each locus.
